A novel, pulse-modulated spectroscopic system for measuring fractional leghemoglobin oxygenation and infected cell 02 concentration (0) in intact attached nodules of soybean (Glycine max) is described. The system is noninvasive and uses a pulsed (1000 Hertz) light-emitting diode coupled to an optical fiber to illuminate the nodule with light at 660 nanometer. A second optical fiber receives a portion of the light reflected from the nodule and directs this to a photodiode. A lock-in amplifier measures only the signal from the photodiode which is in phase with the pulsed light from the light-emitting diode, and the voltage output from the amplifier, proportional to reflectance, is used to calculate fractional leghemoglobin oxygenation and the nanomolar concentration of free 02 in the infected cells of the nodule (0 Studies with a variety of legumes have suggested that the diffusion barrier in the nodule inner cortex is variable (11, 12, 22, 27) perhaps through regulation of the relative proportion of water and gas which occupies the intercellular spaces in this tissue layer (12). In many treatments in which nitrogenase activity is inhibited, the resistance to gas diffusion into the nodule is greater than that in nodules of untreated plants (23, 26) , suggesting that treatments inhibitory to nodule metabolism and nitrogenase activity act by increasing diffusion resistance and thereby decrease the availability of 02 within the infected cells. In this paper, we test this hypothesis using a novel pulse-modulated spectroscopic technique to measure the infected cell 02 concentration ofsoybean nodules in which nitrogenase activity has been inhibited by different treatments.
In legume nodules, 02 is both a respiratory substrate and a potent, irreversible inhibitor of nitrogenase (20) . Therefore, 02 flux to the bacteria-infected cells must be very high, while the 02 concentration in these cells is maintained at a low level. In soybeans, the low 02 concentration is provided by a high rate of 02 consumption and a barrier to 02 diffusion in the nodule inner cortex (12) . Leghemoglobin within the infected cells provides the high flux of 02 to the bacteria by facilitating its diffusion along the very shallow concentration gradient which exists across the radius of each infected cell (12, 21) .
Studies with a variety of legumes have suggested that the diffusion barrier in the nodule inner cortex is variable (11, 12, 22, 27) perhaps through regulation of the relative proportion of water and gas which occupies the intercellular spaces in this tissue layer (12) . In many treatments in which nitrogenase activity is inhibited, the resistance to gas diffusion into the nodule is greater than that in nodules of untreated plants (23, 26) , suggesting that treatments inhibitory to nodule metabolism and nitrogenase activity act by increasing diffusion resistance and thereby decrease the availability of 02 within the infected cells. In this paper, we test this hypothesis using a novel pulse-modulated spectroscopic technique to measure the infected cell 02 concentration ofsoybean nodules in which nitrogenase activity has been inhibited by different treatments.
N2 fixation in legume nodules is adversely affected by a wide range of environmental and physiological conditions. For example, drought ( 14, 18, 25) , NO3-fertilization ( 15, 23) , low temperature (14, 25) , and various treatments which disrupt phloem supply to nodules (9, 23, 24) are all known to inhibit nitrogenase activity. In treatments which reduce phloem supply to nodules, the mechanism of nitrogenase inhibition has been attributed to a reduction in the availability of carbohydrate, which would presumably reduce the pool size of reductant required by nitrogenase. However, studies have shown that these inhibitions of nitrogenase activity can be partially or fully recovered by increases in rhizosphere PO2 (9, 23) 
MATERIALS AND METHODS

Plant Culture and Experimental Conditions
Seeds of soybean (Glycine max L. Merr. cv Harosoy 63) were inoculated with Bradyrhizobium japonicum USDA 16, a strain deficient in uptake hydrogenase activity (14) , and were grown in silica sand as described previously (1 1) . The growth pots were modified by cutting four 8 x 2 cm vertical slits at equal spacing around the pot and sealing these slits with tape before the seeds were planted. Environmental control was provided by a growth cabinet (400 umol quanta PAR experimental conditions does not affect nitrogenase or respiratory activities significantly.
Gas Exchange Measurements
Measurements of CO2 production and H2 evolution from intact attached nodulated roots were made with the computercontrolled gas exchange system described previously (13) . Control and experimental plants were sealed in their growth pots and attached to the gas exchange system. Rates of CO2 production and H2 evolution were monitored continuously in an atmosphere of 20% (v/v) 02 in N2 until steady state conditions were attained. TNA2 was then measured by exposing the roots to an atmosphere of 20% (v/v) 02 in Ar and measuring the peak rate of H2 production (13) . The roots were then reexposed to 20% (v/v) 02 in N2 to ensure that the Ar treatment did not bring about any change in the initial rates of H2 or CO2 evolution. Throughout the text, gas concentrations are expressed as percentage (v/v) of the gas phase at the ambient atmospheric pressure at the time of the experiment.
Measurements of02 Concentration in Infected Cells (0,)
The system used to measure O,in intact attached nodules of soybean is shown in Figure 1A . The hollow probe holding the optical fibers was also used to control the gaseous environment of the nodule. Gas from the gas mixing system of the gas exchange apparatus (13) could be flushed through the probe at 200 mL min-' and through the pot at 500 mL * min-', allowing rapid and precise control of the atmosphere surrounding the nodule.
To access nodules for measurements of Oi, the tape was removed from one of the vertical slits in the growth pot, and a nodule was exposed by gently removing the surrounding silica sand. The probe was then moved into position against the nodule so that the light-source optical fiber illuminated the nodule from below, while the return optical fiber, resting against the upper surface of the nodule, received the reflected light (Fig. 1B) .
The amount of 660-nm light reflected by the nodule was dependent on the absorbance of this light by leghemoglobin and thereby on the oxygenation state of leghemoglobin in the infected cells. To determine the fractional oxygenation of leghemoglobin in the control and experimental nodules, a 20% 02 in N2 gas mixture was passed through the pot at 500 mL-min-' and through the probe at 200 mL. min-', and the amount of modulated light reflected by the nodule was measured as a voltage output from the lock-in amplifier. When a steady signal had been attained, the gas through the pot and probe was switched to pure N2, and the fully deoxygenated signal from the nodule was measured. When this signal was steady, the gas through the pot and probe was switched to pure 02, and the fully oxygenated signal from the nodule was measured. Since the differences between the voltage signals from the lock-in amplifier at 0% and 100% 02 were small (typically 100 mV) compared to the overall voltage signal at each P02 (usually 1-4 V), an offset control on the lock-in amplifier was used so that these differences could be easily observed on the chart recorder. After measurement of the signal at 100% 02, power to the LED was cut and a 'dark voltage' was measured across the chart recorder terminals with a multimeter. This dark voltage was summed to each of the chart recorder voltage measurements to give the true reflectance signal from the nodule at each PO2. Each voltage signal was then converted to an absorbance value by the following equation:
where Ii is the voltage signal measured at each P02 and I,, is an estimate of the voltage signal which would be obtained if all the incident radiation were to be supplied to the photodetector. I, was not measured directly but was set at a constant value equal to ten times the typical I, values obtained in these experiments. As long as I,, >> I, (known to be the case since only a small proportion of the incident light is returned to the photodetector), the magnitude ofI,, does not have a significant effect on the calculation of O as described below.
The fractional oxygenation of leghemoglobin (Y) was calculated by the equation of Appleby (1) the flat end was in direct contact with the nodule surface. The positioning of the cable delivering the modulated light signal was less critical. Good results were obtained when the delivery cable was positioned from 0 to 1.5 mm from the nodule surface at an angle of 400 between it and the return cable.
The probe described in Figure 1 was used successfully on nodules having diameters of 2 to 8 mm, with best results obtained with nodules of 3 to 6 mm.
In control plants at the gas flow rates used in these experiments, a change in PO2 from 20% to 0% resulted in a rapid decrease in reflectance (increase in absorbance) and a new stable value was achieved within 15 to 20 s. When the gas was returned immediately to 20% 02 (line a, Fig. 2 Fig. 2 ). Since similar results were obtained when the nodule was exposed to 80% 02, and no increase in reflectance occurred when the 02 concentration was subsequently increased to 100% 02, it was assumed that leghemoglobin was fully oxygenated following exposure to 100% 02. Consequently, once the probe was NO3--inhibited, or physically disturbed displayed pretreatment values for TNA and CO2 evolution which were similar to those of the control plants (data not shown). However, following these treatments, TNA values in 20% 02 were 41, 15, 55, and 41%, respectively, of the mean activity in the control plants, while C02 evolution rates declined to 56, 51, 84, and 76%, respectively, ofthe rates measured in the control population.
Significant differences with treatment were also observed in the time course of spectroscopic change in the nodules and in the calculated values for O0 (Fig. 2, A and B) . In general, when the nodules of treated plants were switched from 20 to 0% 02, the change in nodule reflectance was less pronounced, and the time to reach a new stable voltage was greater than that in the control plants (i.e. 20-40 s rather than 15-20 s). The increase in reflected light following nodule exposure from 0 to 100% 02 was similar to that in the control plants, but, as in the transfer from 20 to 0% 02, the time to achieve a stable voltage was longer than that observed in nodules from the control plants (i.e. more than 15 s). Using the differences in the relative oxygenation of leghemoglobin, we estimated that values for Oi in the stem-girdled, dark-treated, NO3--inhib- (Fig. 3B ). The NO3-treatment then returned to 20% 02; (b) nodule maintained in 0% displayed higher values for CO2 evolution than that predicted exposed to 0% 02 then exposed to 100% 02. B, Time by the measured values of O0. In spite of these exceptions, it nhibited nodule exposed to 0% 02 then 100% 02-is clear that, over the range of values measured, the concen- The system described here has many advantages over previous techniques which have been used to measure O in legume nodules (2, 3, 7, 8, 16, 17) . Most important, it is the first technique which measures O0 noninvasively in normal, spherical, intact, and attached nodules of soybean. Previous approaches required the use of nodule slices (2, 3), excised nodules (16, 17) , nodules flattened during growth (7), or small (50 ,im) laser-injected optical fibers to puncture the nodule and deliver light to the central zone (DB Layzell, S Hunt, G Palmer, N Emery, unpublished data). These approaches had the added disadvantage that all measurements had to be made in total darkness to remove effects of background light.
Recently, Monroe et al (16, 17 ) described a reflectance spectroscopic technique which permitted measurements of leghemoglobin oxygenation in detached pea nodules. To measure the small changes in light absorption against the large background of reflected and scattered light, this technique required averaging 600 spectral scans over each 6 s of the measurement period. Leghemoglobin oxygenation was calculated from the ratio of absorbances obtained at various wavelengths in nodules exposed to various PO2. The requirements for expensive instrumentation, excised rather than attached nodules, and dark assay conditions limit the usefulness of this approach. Also, this technique may be limited to nodules, like pea, that have a relatively translucent cortex compared with nodules of other legumes such as soybean.
The technique described in the present paper overcomes these limitations through the use of (a) a modulated light source and detection system to remove interference from other light sources and (b) a small optical fiber positioned to maximize detection of the proportion of light passing through the central zone. Consequently, we are able to detect the very small changes in light absorption which occur due to leghemoglobin oxygenation in normal nodules attached to intact plants.
The system described here is smaller and more portable than spectrophotometric instruments used in other systems. This makes it possible to study plants in situ, either in a greenhouse/growth chamber or in the field. Also, the cost of the instruments required for this system is only a fraction of the cost of the instruments which have been used with previous methods.
Gas Exchange and O Measurements in Control and Inhibited Plants
The data in Figure 3A show a strong positive correlation between TNA and O0 but suggest that nitrogenase activity is not saturated in the control plants used in these studies. Part The data plotted in Figure 3A support The relationship between CO2 evolution andO0 (Fig. 3B) is complicated by the fact that the CO2 is produced from the entire nodulated root rather than the nodules alone. However, it is apparent from these data that nodulated root respiration is positively correlated withO0, and, if the NO3 treatment is not included in the relationship, a straight line may be drawn between the other four data points. That the NO3 treatment has a higher respiratory rate than may be predicted from the straight line relationship can be explained by the necessity for additional NO3-assimilation in the root tissue of this treatment. This would lead to increased root respiration supported by carbohydrates that may have been diverted away from the nodule (22) . Phloem deprivation by stem-girdling or dark treatment has been shown not to have an effect on root respiration within the time periods used in these experiments (23 Future work with the pulse-modulated spectroscopic system, in conjunction with gradual increases in rhizosphere PO2, should allow the optimum in vivo O0 to be determined for a range of leguminous species. The spectroscopic system may then be used in the field to determine how close the O0 value of leguminous crop nodules corresponds to the optimum Oi for nitrogen fixation. The system therefore has agronomic potential as well as being a very useful tool in the study of nodule physiology.
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